Background {#S0001}
==========

For a long time, human erythrocytes have been mainly considered as a bioconcave container filled with hemoglobin and surrounded by a plasma membrane. This still predominant view limits their physiologic function to the transport of oxygen and CO~2~ and therefore ignores knowledge about similarities between erythrocytes and nucleated cells (e.g. immune and proliferating tumor cells), particularly regarding metabolic pathways. Proliferating tumor cells undergo an anabolic metabolism and synthesize abundance of DNA, proteins, and lipids for cell growth and proliferation. These capacities are lacking in organelles-free human erythrocytes. The incapability of erythrocytes regarding cell division is compensated by bone marrow, which permanently produces erythrocytes (two million per second). However, there are similarities in glucose metabolism and the thereof derived metabolic pathways (glycolysis, pentose phosphate and sorbitol pathways, glutathione biosynthesis, etc.). In order to shed a new light on our perception of erythrocytes, we summarize evidence for their multifunctional roles and show several relevant examples. We also describe how a differentiated cell turns into a tumor cell. Subsequently, a major focus will be on the surprising similarities between the glucose metabolism of erythrocytes and proliferating tumor cells.

Importance of human erythrocytes {#S0002}
================================

a\) Erythrocytes represent about 84% of the total cells in the human body \[[1](#CIT0001)\]. They provide considerable amounts of the reduced form of glutathione (GSH) into the blood plasma, thereby contributing significantly to the dynamic interorgan-GSH-metabolism \[[2](#CIT0002)\]. Compared to normal tissue or non-proliferating tumor cells, proliferating tumor cells take up a high amounts of GSH provided by erythrocytes. These large quantities of absorbed GSH, as well as the GSH produced by tumor cells themselves are subsequently used for processes, such as DNA synthesis, multi-drug resistance, and detoxification. Therefore, to treat cancer and other GSH-dependent diseases, it is crucial to decrease the systemic availability of GSH via pharmacological GSH-depletors, e.g. Bay 11--7082, parthenolide, or dimethyl fumarate \[[3](#CIT0003)\] *in vivo*.

b\) Mature human erythrocytes possess transcription factors, including all of the members of

the redox-sensitive NFκB-signaling pathways \[[4](#CIT0004)\].

c\) Impairment of nitrosylation induces eryptosis (programmed cell death of erythrocytes, similar to apoptosis) \[[5](#CIT0005)\]. The terminology eryptosis was introduced by Lang et al. \[[6](#CIT0006)\].

d\) Protein kinase B (Akt) has physiological functions in human erythrocytes and a major role is activation of nitric oxide synthase (NOS), by which it can positively regulate the deformability of erythrocytes \[[7](#CIT0007)\]. Among other functions, Akt can serve as a positive upstream-regulator/-activator of nuclear factor kappa B (NFκB) \[[8](#CIT0008)\].

e\) Denatured hemoglobin-induced clustering of band-3 (the major erythrocyte membrane-spanning protein) promotes autologous antibody (IgG) binding to senescent (aged) erythrocytes \[[9](#CIT0009)\]. This process marks erythrocytes for macrophage-mediated clearance (for review see Ref. \[[10](#CIT0010)\]). Erythrocyte senescence also induces the eryptosis machinery and contributes to removal of aged erythrocytes from the peripheral blood at high velocity. We were able to show this senescence-mediated eryptosis by age dependent fractionation of erythrocytes into fractions I to V \[[11](#CIT0011)\], whereby fraction I constitutes the youngest and fraction V the oldest erythrocyte population. Interestingly, healthy and young erythrocytes prevent their premature clearance by mechanisms including vesicle formation, subsequent bundling with senescent cell antigens (e.g. modified band 3) and their release into the circulation \[[12](#CIT0012)\].

f\) An inverse correlation exists between NFκB-abundance and eryptosis. The fractionation of erythrocytes from healthy volunteers into five different fractions (fraction I to fraction V) demonstrated an anti-apoptotic function of NFκB in our experimental system: In comparison to fraction V (with the lowest NFκB abundance), the youngest erythrocyte population (fraction I with the highest NFκB abundance) required double the amount of NFκB inhibitors Bay 11--7082 or parthenolide in order to achieve the same eryptosis rate as compared to erythrocytes in fraction V. This phenomenon might be associated with an anti-apoptotic function of NFκBs \[[13](#CIT0013)\].

g\) Mature human erythrocytes possess a functional protein--degrading machinery, the 20S-proteasome \[[14](#CIT0014)\]. Our recent data show that mature human erythrocytes seem to have an active protective mechanism selectively preventing the degradation of a part of their proteins like ß-actin during the entire life span. Other proteins, like NFκBs seem to be prone to degradation according to age \[[13](#CIT0013)\]. These data provide evidence that mature human erythrocytes substitute their missing new induction of proteins by an effective, selective and yet unknown mechanism in order to protect some of their proteins from degradation processes.

h\) Mammalian tissues are able to produce and degrade hydrogen sulfide (H~2~S) having various physiological effects on the cardiovascular, intestinal, and central nervous system. Human erythrocytes play a significant role in H~2~S turnover and in regulation of H~2~S levels in blood and in tissues \[[15](#CIT0015)\].

i\) Mature human erythrocytes do not circulate as isolated cells in the blood stream. They partially control the function of immune cells (including lymphocytes and immature dendritic cells (slanDCs)) in the peripheral blood \[[16](#CIT0016)--[20](#CIT0020)\]. The physical interaction of erythrocytes with slanDCs inhibits the slanDCs-mediated production of the inflammatory cytokine interleukin-12 \[[16](#CIT0016)\]. In blood, mature human erythrocytes rapidly and reversibly bind interleukin-8 (IL-8), a leukocyte chemotaxin to prevent or control the stimulation of leukocytes \[[20](#CIT0020)\]. Hemoglobin α and β chains bind LPS (lipopolysaccharide an endotoxin of Gram negative bacteria) and neutralize its activity \[[21](#CIT0021)\]. Erythrocytes and platelets association with circulating bacteria regulates complement receptor mediated pathogen capture \[[22](#CIT0022),[23](#CIT0023)\]. Finally, this process results in rapid clearance of complement-opsonized pathogens by phagocytes residing in liver and spleen (for review see Ref. \[[24](#CIT0024)\]).

Mature human erythrocytes are multifunctional and their physiological functions in a healthy organism and also in diseases related to erythrocytes and other cell types must be looked at from a different perspective.

Proliferating tumor cells {#S0003}
=========================

Dynamic reciprocal interaction between tumor suppressor and oncoproteins is a prerequisite for a functioning cell. Mutations promoting activities of the oncogenes and or curbing activities of tumor suppressor genes enable the differentiated cell to turn into a tumor cell leading to a metabolic switch ([Figure 1](#F0001)). Key component of such a metabolic switch is the aerobic glycolysis or Warburg effect, enhanced catabolism of glucose to lactate under normoxic conditions. A direct correlation between loss of function of the tumor suppressor p53 and uncontrolled activity of the oncogenic protein NFκB as positive physiological regulator of glycolysis was demonstrated \[[25](#CIT0025)--[27](#CIT0027)\]; for review see Ref. \[[28](#CIT0028)\]. The rate of glycolysis and respiration (oxidative phosphorylation (OXPHOS)) are negatively correlated \[[29](#CIT0029)\] (for review see \[[28](#CIT0028)\]) and glycolysis is up to 100 times higher than respiration. A proliferating tumor cell is thus capable to downregulate its mitochondrial activities (\~95%) known as truncated tricarboxylic acid cycle (TCA) and OXPHOS. Thereby, the growth inhibiting oxidative stress, i.e. the formation of reactive oxygen species (ROS) caused by mitochondria is drastically reduced ([Figure 2](#F0002)). However, there is increasing evidence that some tumors (e.g. human and mouse malignant glioma cells) display glucose metabolism heterogeneity, i.e. OXPHOS- or glycolytic-dependent phenotypes for ATP supply and growth \[[30](#CIT0030),[31](#CIT0031)\] (for review see Ref. \[[32](#CIT0032)\]). Interestingly, these two metabolic phenotypes can even coexist in a tumor \[[33](#CIT0033)\]. The positive and dynamic interplay between glycolysis (which is independent of intact mitochondrial function) and pentose phosphate pathway (PPP) provides the necessary ATP, NADPH, and ribose-5-phophate (R5P). The latter is an essential component of nucleotides (DNA and RNA) and co-factors NAD, NADP, and FAD ([Figure 3](#F0003)). Apart from glycolysis and PPP a shift to an increased rate of glutamine metabolism \[[34](#CIT0034)\] (for review see Refs. \[[35](#CIT0035),[36](#CIT0036)\]) and fatty acid biosynthesis (for review see Refs. \[[37](#CIT0037),[38](#CIT0038)\]) are additional hallmarks necessary for the upregulation of growth and proliferation of tumor cells. For further details see [Figures 4](#F0004) and [5](#F0005). These events including angiogenesis \[[39](#CIT0039)\] allow proliferating tumor cell to fulfill three metabolic requirements: (i) bioenergetics (ATP production), (ii) redox maintenance (NADPH and GSH regeneration), and (iii) macromolecules biosynthesis (e.g. DNA synthesis) to match its high proliferation rate.10.1080/15384101.2019.1618125-F0001Figure 1.Role of oncogenes, tumor suppressor genes, and their corresponding proteins in tumorigenesis and metabolic switch. (a) A well-balanced expression of oncogenes and tumor suppressor genes, as well as a well-balanced activity of oncogenes and tumor suppressor proteins reciprocally controlling each other constitute the prerequisite of a normally functioning cell. Dependent on extracellular stimuli (e.g. glucose uptake) the synthesis and activity of these proteins are transiently activated or repressed. (b) However, mutations promoting synthesis and activities of oncoproteins or curbing synthesis and activities of tumor suppressor proteins enable the differentiated cell to turn into a undifferentiated tumor cell, thus introducing the metabolic switch, resulting in unlimited growth and proliferation.10.1080/15384101.2019.1618125-F0002Figure 2.Schematic representation of anaerobic glycolysis, oxidative phosphorylation (OXPHOS/respiration), and aerobic glycolysis/Warburg effect. (a) Anaerobic glycolysis in anucleated and organelle-free human and mouse erythrocytes and conversion of glucose to lactate. Most differentiated cells convert glucose to pyruvate via glycolysis and subsequently to CO~2~ via TCA and OXPHOS, with marginal lactate production. (b) Proliferating cells prefer aerobic glycolysis, i.e. marginal amount of pyruvate is dispatched to mitochondrion and simultaneously high amounts of lactate are generated.10.1080/15384101.2019.1618125-F0003Figure 3.Glucose uptake and internalization by glucose transporters (GLUTs) and its phosphorylation at C6-position via the glycolytic enzyme hexokinase. Glycolysis implies conversion of glucose 6-phosphate (G6P) into lactate generating only two ATP molecules per one molecule of glucose. G6P can equally be entered into the pentose phosphate pathway (PPP), consisting of irreversible oxidative and reversible non-oxidative branches. The irreversible dehydrogenase/decarboxylase system of the oxidative branch of the PPP (ox-PPP) consisting of glucose 6-phosphate dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase (6PGD) and 6-phosphogluconolactonase (6PGL) break down G6P, yielding two NADPH and one ribulose-5-phosphate (Ru5P). Consequently, the two non-oxidative systems of PPP takes on the remaining work. The isomerizing/epimerizing system consisting of RPI and ribulose 5-phosphate 3-epimerase (RPE), interconverts Ru5P to xylulose 5-phosphate (X5P) and ribose 5-phosphate (R5P), whereas the sugar rearrangement system consisting of transketolase (TK) und transaldolase (TA), interconverts X5P and R5P to the glycolytic intermediates fructose 6-phosphate (F6P) und glyceraldehyde 3-phosphate (GAP). Thus, the PPP culminates in glycolysis. Furthermore, F6P and GAP can in turn be converted into R5P based on the reversible nature of the non-oxidative branch of the PPP (non-ox-PPP) .10.1080/15384101.2019.1618125-F0004Figure 4.Dependency of growing tumor cells, activated T- and proliferating cells on glycolysis. The metabolic shift from respiration to glycolysis, known as the Warburg effect in proliferating tumor cells, is not solely restricted to them. For instance, activated T- and proliferating cells equally make use of the same mechanisms. The six hallmarks of a proliferating tumor cell are: high activities of glycolysis and pentose phosphate pathways, massive glutaminolysis and fatty acids biosynthesis, as well as angiogenesis and metastasis. However, the latter two features do not appear in healthy activated T- and proliferating cells.10.1080/15384101.2019.1618125-F0005Figure 5.Coordinated interactions between glycolysis, citrate cleavage enzyme, and glutaminolysis for the fatty acids biosynthesis in growing tumor cells. Based on the very low activity of the TCA cycle in growing tumor cells, glucose is diverted away from mitochondrial acetyl-CoA and citrate production. Alternatively, glutamine-derived α-ketoglutarate (α-KG) and its subsequent reductive carboxylation by NADPH-dependent isocitrate dehydrogenase 2 (IDH2) results in citrate production. The latter is then converted to acetyl-CoA and oxaloacetate by the citrate cleavage enzyme (CCE). This extramitochondrial acetyl-CoA is used for long chain fatty acids biosynthesis. The enzymic decarboxylation of oxaloacetate by the cytosolic phosphoenolpyruvate carboxykinase 1 (PEP-CK1) results in phosphoenolpyruvate (PEP) formation which finally is primarily converted into lactate which leads to tumor acidic microenvironment. Marginal amount of pyruvate is also dispatched to mitochondrion. The oxaloacetate-to-malate conversion by NADH-dependent malate dehydrogenase (MDH) and the subsequent malic enzyme mediated decarboxylation of malate into pyruvate maintain the regeneration of NAD^+^ and a continual supply of NADPH, respectively. NAD^+^ regeneration ensures the perpetuation of the glycolysis pathway, whereas the generation of NADPH supports lipogenesis. The energy-linked nicotinamide nucleotide transhydrogenase (Nnt) acts as an effective buffer system and catalyze the direct transfer of a hydride ion between NADH and NADPH. The interconnection between the NADPH consuming reductive carboxylation and NADPH producing oxidation of α-KG is also demonstrated.

In the following important metabolic pathways, such as glycolysis, PPP, sorbitol, and glyoxylase pathway, as well as GSH synthesis machinery, all of which are actively present and play a vital role in eukaryotic and prokaryotic cells are discussed.

Metabolism {#S0004}
==========

Metabolism is the sum of all chemical reactions in a cell or organism. Anabolism describes the processes by which precursors (e.g. amino acids, sugars, fatty acids, and nitrogenous bases) are converted into macromolecules under the consumption of energy (ATP) and reductive equivalents (NADPH and NADH). Catabolism signifies breakdown reactions of energy-bearing molecules (e.g. carbohydrates, lipids, and proteins) ultimately resulting in a gain of chemical energy (ATP) and reductive equivalents. These processes ensure the functioning of cells and organism and thus life itself ([Figure 6](#F0006)).10.1080/15384101.2019.1618125-F0006Figure 6.Metabolism consisting of catabolic and anabolic processes encompasses the sum of all chemical conversions in a cell or organism. (a) Anabolism and (b) catabolism.

Glycolysis and Rapoport--Luebering-pathway {#S0005}
==========================================

This pathway (Glucose → Glucose 6-phosphate → → 2 ATP + 2 lactate generation) uncouples ATP generation from oxygen consumption and is the only source of metabolic energy for mature (anucleated) human erythrocytes and the major source of metabolic energy for proliferating cells, respectively ([Figure 7(a)](#F0007)). Large amounts of ATP can be generated by glycolysis within a short time. Thus, a growing tumor cell largely tends to the slow-down oxygen-dependent ATP generation in mitochondria and can therefore be compared to organelle (mitochondria)-free human erythrocytes. Molecular oxygen (O~2~) becomes superfluous as the final electron acceptor for the ATP generation (aerobically ATP generation) and the formation of damaging superoxide anion (O~2~^●−^) and other ROS are avoided \[[40](#CIT0040),[41](#CIT0041)\] (for reviews see Refs. \[[42](#CIT0042),[43](#CIT0043)\]). For more details see [Figure 2(b)](#F0002). This phenomenon is termed truncated TCA cycle and is regarded as ideal condition for the survival, growth, and proliferation of a tumor cell. Interestingly, glucose 6-phosphate (G6P) stimulates the transcription of several genes involved in glycolytic and lipogenic pathways \[[44](#CIT0044),[45](#CIT0045)\]. The oxygen (O~2~) binding capacity of hemoglobin and the rate of human erythrocytes glycolysis are closely linked. Oxyhemoglobin (HbO~2~) stimulates the activity of the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) \[[46](#CIT0046)\]. The latter oxidizes glyceraldehyde-3-phosphate (GAP) to 1,3-bis-phosphoglycerate (1,3-BPG). Subsequently, the multifunctional enzyme, 2,3-bisphosphoglycerte (2,3-BPG) synthase/2-phosphatase (BPGM), transfers a phosphoryl group from C1 to C2 of 1,3-BPG, synthesizing 2,3-BPG \[[47](#CIT0047)\]. 2,3-BPG in turn facilitates oxygen release from oxyhemoglobin \[[48](#CIT0048)\] improving tissue oxygenation; see [Figure 7(b)](#F0007). 2,3-BPG also serves as phosphoglycerate mutase 1 (PGAM1) histidine phosphate donor and activator \[[49](#CIT0049)\]. Subsequently, the activated PGAM1 converts 3-phosphoglycerate (3-PG) to 2-phosphoglycerate (2-PG), thereby accelerating the glycolysis pathway ([Figure 7(a](#F0007),c)). Multiple inositol polyphosphate phosphatase (MIPP1), a histidine phosphatase, directly converts 2,3-BPG to 2-PG \[[50](#CIT0050)\], revealing the capability and maneuverability of glycolysis pathway to bypass 3-PG ([Figure 7(c)](#F0007)), a precursor of serine biosynthesis. In response to insulin, the mammalian target of rapamycin complex 1 (mTORC1) activates the glycolytic enzyme phosphoglycerate kinase (PGK) \[[51](#CIT0051)\], which catalyzes the formation of 3-PG from 1,3-BPG ([Figure 7(a)](#F0007)).10.1080/15384101.2019.1618125-F0007Figure 7.Anaerobic and aerobic glycolysis in mature human erythrocytes and growing tumor cells. (a) In both cases, the rate of the glycolytic ATP production is the same (Glucose + 2ADP → 2 Lactate + 2H^+^ + 2ATP). (b) For adequate supply of the organism with molecular oxygen, human erythrocytes divert 20% of the uptaken glucose to Rapoport and Luebering glycolytic shunt \[[102](#CIT0102)\]. This carries an energetic cost based on bypassing the ATP generating phosphoglycerate kinase (PGK). (c) Besides 2,3-bisphosphoglycerte (2,3-BPG) synthase/2-phosphatase (BPGM), multiple inositol polyphosphate phosphatase (MIPP1) is also able to significantly decrease 2,3-BPG levels *in vivo*.

Role of the glycolytic enzymes in immune response, tumorigenesis, and biosynthesis {#S0006}
==================================================================================

T cell effector function is a glucose-dependent process. There is a direct correlation between glycolysis and interferon-γ (IFN-γ) production in activated cytotoxic T cells. High glycolytic flux results in dissociation of GAPDH-IFN-γ mRNA complex, thus ending the inhibitory effect of GAPDH on IFN-γ translation and production (Glycolysis → IFN-γ production) \[[52](#CIT0052)\]. This means the glycolytic switch is a prerequisite for a rapid IFN-γ production and for the effector function of cytotoxic T cells \[[53](#CIT0053)\]. The glycolytic enzyme lactate dehydrogenase (LDH) acts as a positive regulator of glycolysis. LDH as downstream target of mTOR and signal transducer and activator of transcription 3 (STAT3) promotes tumorigenesis \[[54](#CIT0054),[55](#CIT0055)\]. Under high glycolytic fluxes *de novo* serine and glycine biosynthesis (Glucose → → 3-PG → → Serine ↔ Glycine) promotes tumorigenesis (for review see Ref. \[[56](#CIT0056)\]). Glycolysis and biosynthetic pathways are strongly interconnected. Under low glucose conditions GAPDH acts as negative regulator of mTORC1 pathway by its mere binding to mTORC1 activator Rheb (Ras homolog enriched in Brain). High glycolytic flux disrupts this physical interaction \[[57](#CIT0057)\], leading to Rheb-mediated mTORC1 activation and mTORC1-dependent protein synthesis and cell growth (for review see Ref. \[[58](#CIT0058)\]).

Pentose phosphate pathway {#S0007}
=========================

This pathway branches from glycolysis at the first committed step of glucose metabolism (Glucose-6-phosphate (G6P) → PPP). The PPP is divided into two branches, the oxidative (irreversible) and non-oxidative (reversible). A breakdown of the G6P molecule via the oxidative branch of PPP (ox-PPP) delivers 2 NADPH molecules and a pentose monophosphate termed ribulose 5-phosphate (Ru5P). The overall reaction of the ox-PPP is illustrated below: Glucose-6-P + 2NADP^+^ + H~2~O → Ribulose-5-P + 2NADPH + 2H^+^ + CO~2~ ([Figures 3](#F0003) and [8(a)](#F0008a)). NADPH as electron donor for anabolic reduction reactions is needed for the biosynthesis of fatty acids and cholesterol. NADPH is required to neutralize ROS, such as hydrogen peroxide (H~2~O~2~) and lipid peroxides (ROOHs) preventing cellular damage ([Figure 8(b)](#F0008b)). Superoxide dismutases (SODs) convert superoxide anion (O~2~^●−^) into H~2~O~2~ and molecular oxygen (2 O~2~^●−^ + 2 H^+^ → O~2~ + H~2~O~2~). O~2~^●−^ itself is produced during the mitochondrial respiratory chain (MRC) by the electron univalent leak pathway. Through this process about 2% of molecular oxygen consumption is partially reduced to O~2~^●−^ \[[59](#CIT0059)\]. Furthermore, O~2~^●−^ is produced during auto oxidation of about 3% of the total body oxyhemoglobin to methemoglobin (HbFe^2+^-O~2~ → HbFe^3+^ + O~2~^●−^) and oxymyoglobin to methmyoglobin (MbFe^2+^-O~2~ → MbFe^3+^ + O~2~^●−^) \[[60](#CIT0060),[61](#CIT0061)\]. Submicromolar levels of H~2~O~2~ act as intra and intercellular signaling molecule promoting cell growth and proliferation, whereas its excess results in lipid peroxidation and cell death.10.1080/15384101.2019.1618125-F0008aFigure 8.(continued) 10.1080/15384101.2019.1618125-F0008bFigure 8.(continued) 10.1080/15384101.2019.1618125-F0008cFigure 8.(continued) 10.1080/15384101.2019.1618125-F0008dFigure 8.Role of the pentose phosphate pathway (PPP) in cellular defense and DNA synthesis. (a) In the oxidative branch of the PPP (ox-PPP), glucose 6-phosphate (G6P) is converted in three consecutive reactions into ribulose 5-phosphate (Ru5P), simultaneously yielding two NADPH molecules. (b) Linkage of glutathione (GSH) cycle to NADPH producing PPP provides cellular defense mechanisms against oxidative stress by glutathione reductase (GR) and -peroxidase dependent (GPx) detoxification of lipid peroxides (ROOHs) and hydrogen peroxide (H~2~O~2~). (c) In the non-oxidative branch of the PPP (non-ox-PPP), the isomerizing system interconverts Ru5P to xylulose-5-phosphate (X5P) and R5P. In the sugar rearrangement system transketolase (TK) which transfers two carbon units and transaldolase (TA), which transfers three carbon units, convert X5P and R5P into the glycolytic intermediates fructose-6-phosphate (F6P), and glyceraldehyde-3-phosphate (GAP). (d) The generated NADPH molecules are also required for and consumed during nucleotides biosynthesis. NADPH links PPP with the electron transmitting systems namely, GSH-glutaredoxin(Grx) and thioredoxin (Trx). The oxidation of NADPH channels its hydride ion (H ^−^) to these hydrogen carrier systems which serve as electron (H ^−^) donors. R5P conversion to phosphoribosyl pyrophosphate (PRPP), as well as purine serve as the backbone for ribonucleotides synthesis. Reduction of ribonucleotide diphosphate (rNDP) to deoxynucleotide diphosphate (dNDP) and its phosphorylation by nucleotide diphosphate kinase (NDK) is an absolute prerequisite for DNA synthesis.

NADPH-dependent GSH-glutaredoxin and thioredoxin systems function as hydrogen donors for ribonucleotide reductase (RNR). For DNA synthesis ribonucleotides have to be reduced to deoxyribonucleotides by RNR. The *de novo* synthesis of phosphoribosylpyrophosphate (PRPP) as the backbone for ribonucleotides synthesis is controlled by the enzyme PRPP synthase which utilizes ATP and R5P as substrates (R5P + ATP → PRPP + AMP + PP~i~) \[[62](#CIT0062),[63](#CIT0063)\]. For more details see [Figure 8(c)](#F0008c). It is to note that redox regulation in activation of NFκB and NFκB-mediated gene transcription needs a shift from high GSSG/low HS−Thioredoxin−SH conditions to low GSSG/high HS−Thioredoxin−SH levels \[[64](#CIT0064)--[66](#CIT0066)\].

ATP conservation is a major feature of metabolic regulation \[[67](#CIT0067)\]. Oxidative stress impairs the energy balance of the cell and enhanced glycolytic enzyme activities are able to compensate for deficits in ATP supply and ATP-dependent GSH generation ([Figure 5](#F0005)). Finally, in the non-oxidative branch of PPP (non-ox-PPP), the isomerizing/epimerizing system consisting of R5P isomerase (RPI) and ribulose 5-phosphate 3-epimerase (RPE) interconverts Ru5P to R5P and xylulose 5-phosphate (X5P), whereas the sugar rearrangement system consisting of transketolase (TK) und transaldolase (TA) interconverts X5P and R5P to the glycolytic intermediates fructose 6-phosphate (F6P) und GAP. F6P can either directly be used for glycolysis or be converted to G6P to replenish ox-PPP. The overall reaction of the non-ox-PPP is illustrated below:

DNA Synthesis ← 3 R5P ↔ 2 X5P + R5P ↔ 2 F6P + GAP → Glycolysis. For a correct presentation of stoichiometry, we assumed three G6P molecules here ([Figures 3](#F0003) and [8(d)](#F0008d)). Independent of cell types and species, the conversion of glycolytic intermediates F6P and GAP into R5P (3 R5P ↔ 2 F6P + GAP) without production of NADPH is defined as riboneogenesis \[[68](#CIT0068)\].

Sorbitol (polyol) pathway {#S0008}
=========================

Glucose is a physiological substrate for the sorbitol/polyol pathway. Two enzymatic reactions are involved in this pathway. First, the NADPH-dependent enzyme aldose reductase 2 (AR2) reduces glucose to sorbitol (Glucose + NADPH → Sorbitol + NADP^+^). This NADPH originates from the oxidative branch of the PPP (ox-PPP). Subsequently, the NAD^+^-dependent enzyme sorbitol dehydrogenase (SD) oxidizes sorbitol to fructose (Sorbitol + NAD^+^ + P~i~ → Fructose + NADH) ([Figure 9](#F0009)). The glycolytic enzyme hexokinase (HK), as well as the NADPH-dependent enzyme aldose reductase 2 (AR2) from the sorbitol pathway compete with each other for the utilization of glucose. The Michaelis-Menten constant (*K~m~*) of AR2 for glucose is in the range of 10--100 mM and of HK about 0.18 mM. Under physiological conditions, a minor amount of glucose (\~3%) is utilized for sorbitol synthesis \[[69](#CIT0069)\]. For more details see [Figure 9](#F0009). To react adequately to hyper- and hypotonic stress mammalian cells have developed the capacity to accumulate or release small organic solutes referred to as nonperturbing or compatible osmolytes namely sorbitol, myo-inositol, and taurine (for review see Ref. \[[70](#CIT0070)\]). The sorbitol pathway is linked to both glycolysis and PPP via fructose conversion to F6P (PPP ← F6P → Glycolysis) ([Figure 9](#F0009)).10.1080/15384101.2019.1618125-F0009Figure 9.Intercross between glycolysis-, sorbitol-, pentosephosphate, and glyoxalase pathways in mature human erythrocytes. For more details see the main text.

Glyoxylate pathway-mediated detoxification of methylglyoxal {#S0009}
===========================================================

The toxic and mutagenic mehtylglyoxal (MG) is formed from the glycolytic intermediates dihydroxyacetone phosphate (DHAP) and GAP (DHAP ↔ GAP) \[[71](#CIT0071),[72](#CIT0072)\]. MG contributes to inactivation of enzymes like GSH peroxidase and thus impairing the cell function. Very low concentration of DHAP, GAP, and MG will stop this negative chain of events. The glycolytic enzyme GAPDH oxidizes GAP into 1,3-bisphoglycerate, which is then used in further consecutive steps of the glycolysis pathway for L-lactate formation and ATP generation. The glyoxylate pathway utilizes GSH as an indispensable co-factor to convert MG to D-lactate. As a result, the intracellular MG is depleted during the L- and D-lactate building processes ([Figure 9](#F0009)).

All metabolic pathways described in the preceding paragraphs are summarized in [Figures 9](#F0009) and [10](#F0010).10.1080/15384101.2019.1618125-F0010Figure 10.Intercross between glycolysis-, sorbitol-, pentosephosphate, and glyoxalase pathways in mammalian cells especially in a proliferating tumor cell. For more details see the main text.

Tumor microenvironment -- a no-go-area for healthy neighboring and cytotoxic immune cells {#S0010}
=========================================================================================

The microenviornment of a growing tumor provides a hostile environment for healthy neighboring cells including tumor-infiltrating lymphocytes (TILs). Their growth, proliferation, and differentiation into effector cells is inhibited to a significant extent. As a result the anti-tumor effect of TILs is significantly decreased. A growing tumor cell can be compared to a black hole devouring all material necessary for its growth (e.g. glucose, vitamins, etc.) so that nothing can survive in its immediate surrounding. Normal and healthy cells such as activated human cytotoxic T lymphocytes exhibit an increased activity in glycolysis during their proliferation and/or activation phase \[[73](#CIT0073)\]. Human erythrocytes are obligatory glucose consumers and exploiters. Hypoglycemia and reduced glycolysis causes neuronal death and endothelial cells gain more than 80% of their energy from glycolysis despite having direct access to molecular oxygen (O~2~). It exists a direct correlation between high glycolytic flux and unlimited proliferative potential in embryonic stem cells \[[74](#CIT0074)\]. This positive selective pressure of evolution for gaining energy makes the phenomenon of glycolysis in mammalian cells an universal pathway with advantages from which healthy as well as tumor cells can profit. For the continuation of glycolysis lactic acid -- as the glycolysis end product -- is cotransported 1:1 with protons (H^+^) \[[75](#CIT0075)\] and released into the extracellular environment. This process is performed by proton-linked monocarboxylate transporters (MCTs) \[[76](#CIT0076)\]. Proliferating tumor cells show a high level of lactic acid production and tolerability and use lactic acid export as an effective measure to impair the metabolism and function of activated cytotoxic T cells \[[77](#CIT0077)\]. Consequently, at a tumor microenvironment site T-cell responses against tumor-associated antigens are substantially inhibited. Under these conditions, tumor cells can escape immuno surveillance. Lactic acid functions as a protective shield for growing tumor cells. Processing glycolysis is directly associated with an increased intracellular lactate formation and a decrease of the intracellular pH (pHi). The latter impairs continuation of glycolysis, survival and proliferating tumor cell. To counteract this process, lactate-mediated hypoxia-induced factor 1 (Hif-1α) activation and Hif-1α-dependent gene transcription are necessary. The corresponding gene products erythrocyte-type MCT1 \[[76](#CIT0076),[78](#CIT0078)\], MCT4 \[[79](#CIT0079),[80](#CIT0080)\], sodium/H^+^ (Na^+^/H^+^) antiporter 1 (NHE1) \[[81](#CIT0081)\] (for review see Ref. \[[82](#CIT0082)\]), and vacuolar-type proton ATPase (V-ATPase) \[[83](#CIT0083)\] (for review see Ref. \[[84](#CIT0084)\]) act as pHi regulators and are responsible for the bulk of proton (H^+^) extrusion. The prosurvival ectopic enzyme carbonic anhydrase (CAIX) that catalyzes the hydration of carbon dioxide (CO~2~) into bicarbonate (HCO~3~^−^) and proton (H^+^) \[[85](#CIT0085)\] (for review see Ref. \[[86](#CIT0086)\]), as well as sodium/bicarbonate (Na^+^/HCO~3~^−^) symporter (NBC) \[[87](#CIT0087),[88](#CIT0088)\] (for review see Ref. \[[89](#CIT0089)\]), sodium (Na^+^)/H^+^ antiporter 1 (NHE-1) \[[90](#CIT0090)\] (for reviews see Refs. \[[91](#CIT0091),[92](#CIT0092)\]) all controlled by HIF-1α act as pH regulators. These processes result in maintenance of cytoplasmic alkalinization (pHi 7.2) and simultaneously contribute to acidification (pHe 6.8) of tumor microenvironment ([Figure 11](#F0011)).10.1080/15384101.2019.1618125-F0011Figure 11.Association between high glycolytic flux and extracellular pH (pHe) gradient formation by carbonic anhydrase, as well as proton pump and exchangers. Glycolysis-associated lactate generation promotes hypoxia-inducible factor-1a (HIF-1α) activation and HIF-1α dependent transcription of several proton channels and exchangers. Extrusion of protons (H^+^) by these regulators contributes to a concomitant extracellular acidification (pHe: 6.8) and intracellular alkalinization (pHi: 7.2) in growing tumor cells. Additional source of tumor microenvironment acidity is the activity of carbonic anhydrase IX (CAIX). CAIX-dependent hydration of carbon dioxide (CO~2~) -- predominantly generated by the oxidative branch of the pentose phosphate pathway (ox-PPP) and to a lesser extent by TCA cycle -- delivers protons (H^+^) and hydrogen carbonate (HCO~3~^−^) ions. Subsequent uptake of HCO~3~^−^ by Na^+^-dependent bicarbonate (NBC) transporter and anion exchanger 2 (AE2), replenishes the intracellular HCO~3~^−^. Titration of HCO~3~^−^ by intracellular H^+^ ions, produced by glycolysis, results in the formation of CO~2~ which rapidly diffuses across the plasma membrane, where it meets CAIX. MCT: monocarboxylate transporter, V-ATPase: vacuolar-type proton ATPase, NHE-1: sodium/hydrogen exchanger 1, AE2: anion exchanger 2, NBC: sodium/bicarbonate (Na^+^/HCO~3~^−^) co-transporter, CAIX: carbonic anhydrase 9.

Hif-1α also stimulates the expression of metabolism related glucose transporters GLUT-1 \[[93](#CIT0093)\] (for review see Ref. \[[94](#CIT0094)\]) and glycolytic enzymes LDH and PGK-1 \[[95](#CIT0095)\]. Hif-1α impairs mitochondrial respiration by preventing entry of pyruvate into the TCA cycle \[[96](#CIT0096),[97](#CIT0097)\]. Intracellular lactate-mediated Hif-1α activation drives glycolysis and simultaneously downregulates mitochondrial respiratory function (for reviews see Refs. \[[98](#CIT0098)--[101](#CIT0101)\]). These processes build a solid basis for progression of the glycolysis machinery, PPP, growth, proliferation, and angiogenesis of tumor cells.

Conclusion {#S0011}
==========

The very fast ATP generation along the glycolysis pathway and serine biosynthesis from the glycolytic intermediate 3-PG, as well as the permanent production of R5P and NADPH by the PPP promotes the autonomy of cancer cells in relation to their proliferative capacity. Mutations promoting activities of the oncogenes and or curbing activities of tumor suppressor genes and the resulted transition from mitochondrial ox phosphorylation to glycolysis force proliferating tumor cells to mimick organelle (mitochondria)-free human erythrocytes. The transferal of the mitochondrial ATP production to the cytosol avoids ATP associated mitochondrial formation of superoxide anion (O~2~^●−^) a precursor of most ROS a phenomenon known as truncated TCA cycle and OXPHOS ([Figure 12](#F0012)). This is an elegant escape mechanism of proliferating tumor cells and should not be confused with a dysfunction of mitochondria. Comparing the biochemistry of mature human erythrocytes and proliferating tumor cells we are convinced that proliferating tumor cells gain the capacity to grow boundlessly by simply mimicking metabolic of mature human erythrocytes.10.1080/15384101.2019.1618125-F0012Figure 12.(a) Inverse correlation between aerobic glycolysis and respiration in a proliferating tumor cell. (b) Positive and dynamic interaction between glycolysis and pentose phosphate pathway (PPP). (c) Mitochondrial respiratory chain (MRC) the main source of superoxide anion (O~2~^●−^) generation.
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Key questions {#S0013}
=============

Do mature human erythrocytes and proliferating tumor cells physically interact with each other?What are the physiological and biological impacts of such interactions?Can modulation of these interactions be useful for cancer therapy?
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